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technology has been investigated to realize advanced wireless devices, such as antennas, from GHz to THz frequency range. The focuses of these research efforts are not only on the fabrication of conventional wireless antennas and circuits but also on creating innovative 3-D designs that are difficult to implement by using conventional manufacturing methods [1] . For example, a number of 3-D-printed antennas have been reported using AM technology. Antennas with different structures, such as horn antennas [18] , patch antennas [19] , meander line antennas [20] , gradient index (GRIN) lens antennas [21] , and reflect array antennas [22] made of different material, such as all-dielectric antenna [23] , all-metal antenna [24] , and dielectric metal combined antenna [19] , [22] , operating at frequencies ranging from GHz to THz have been realized using a number of AM techniques. Table 1 summarizes some of the key features of these 3-D printing techniques.
In this paper, the polymer jetting, a polymerization technique, is discussed for printing high-frequency antennas and other devices from GHz to THz range. Polymerization is a 3-D printing process that selectively solidifies liquid-phased resin by using ultraviolet (UV) light or other power sources. Typically, photosensitive polymers are used as build material with printing resolution of 10s μm . There are several types of 3-D printing methods based on the polymerization process. The differences among them are mainly in how the photon energy is applied to the polymer and how the layers are created. For example, stereolithography employs an UV laser to solidify a liquid UV curable polymer in a reservoir. Polymer jetting, on the other hand, involves applying a liquid photosensitive polymer by using printer heads. During the printing process, the printer heads deposit photosensitive polymers onto a construction stage with designed patterns. Upon jetting, the printed photosensitive polymers are immediately cured using an ultraviolet lamp mounted on the printer head. One advantage of the polymer jetting technique is that it does not need any postcuring process. Moreover, multiple printing heads jetting different polymer materials can be used simultaneously to realize composite structures with flexible properties.
As any other AM technique, suitable material selection is one of the key aspects. The mechanical properties of polymer jetting compatible materials are typically well known and provided by commercial vendors. The EM properties, i.e., the permittivity ( ε ) and permeability ( μ ) usually need to be characterized in the appropriate frequency bands for the intended applications. Several high-frequency characterization methods and measured results of various polymers are reviewed in this paper.
Besides the desired built material, a typical polymer jetting printer may utilize a support material that can be released after printing, depending on the application requirement. In addition, while polymer jetting is capable of obtaining accurate structures with desired dielectric properties, many antenna and circuit designs involve conductors. Discussions on different printing modes, support material releasing, as well as means to incorporating conducting materials are also presented in this paper.
A number of examples of polymer jetting printed 3-D antennas and other devices ranging from GHz to THz have been reported. With THz spectrum locating in between the microwave and optical spectra with a wavelength scale from microns to millimeters, fabrication of THz components can be challenging since traditional machining may not have sufficient precision, while advanced photolighography may be time consuming and inefficient. The polymer jetting technique is ideal for implementing structures with THz length scale. For example, 3-D periodic electromagnetic crystal (EMXT) structures [25] with frequency band gap in the THz region have been reported. In addition, EMXT-based THz waveguide [26] , horn antenna [23] , and potentially integrated THz system [27] have been demonstrated. Another type of devices that 3-D printing process is particularly ideal for is gradient index (GRIN) devices, which feature continuously varying index of refraction [28] . GRIN devices have origins in optics and can be used to efficiently control EM wave propagation. Because GRIN devices require precise 3-D spatial distribution of EM properties, they are challenging to fabricate using traditional methods. An example is Luneburg lens, which works as an attractive antenna with advantages, including broadband, high gain, and capability of forming multiple beams simultaneously [29] . Due to the fabrication challenges, commercially available 3-D Luneburg lenses operate up to only 10 GHz. In contrast, the layer-by-layer nature of precise printing of AM technology is ideally suitable for realizing GRIN devices. For example, using the polymer jetting technique, Luneburg lenses working from 4 GHz to 110 GHz have been built and characterized [21] , [30] , [31] . Interesting applications, including low-cost phased array alternative [32] and high-performance direction finding system [33] utilizing 3-D-printed Luneburg lenses have been demonstrated successfully. In addition, Eaton lens at microwave frequency have also been designed and demonstrated based on the polymer jetting technique [34] . It is also worth mentioning that the flat infrared GRIN lens for eliminating chromatic aberration has also been proposed [35] . Perhaps the most attractive aspect of 3-D printing technology is the possibility of creating objects with arbitrarily distributed material properties. Because the focus of this paper is on EM applications, one can imagine that any passive EM component, or even system, can be thought as a spatial distribution of ε(x, y, z ) and μ(x, y, z ) . If time-dependence and nonlinear responses are included, active components are also covered. Although the utilization of this great potential of 3-D AM is still in its infancy, several new design concepts enabled by the flexibilities of polymer jetting have been explored. In [36] , computer-generated THz volume holograms have been designed and printed by mixing two polymers of different permittivity ε to achieve the desired spatial distribution of a refractive index. In [22] , a new type of reflect array antenna design working up to the submillimeter wave frequency range has been demonstrated. Conducting surface required in the reflect array design is implemented by electro-plating. Another new antenna design concept utilizing the flexible permittivity spatial distribution is reported in [37] . By surrounding a monopole antenna with dielectric blocks of optimized spatial properties, flexible radiation patterns with high directivity instead of the standard omnidirectional pattern can be achieved. This paper is organized as follows. In Section II, an overview of the polymer jetting technique is presented first. Different printing modes and various ways to incorporate conductors are introduced. In Section III, available printable polymer materials and their EM characterization are discussed. In Section IV, periodic EMXT structures operating at THz frequencies and associated THz devices and potential systems are reviewed. Section V focuses on polymer jetting printed GRIN devices requiring continuous varying EM properties, which are accomplished by an effective medium design approach. Some applications utilizing these GRIN devices are also discussed. Section VI presents several novel examples of polymer jetting AM-enabled microwave and THz devices, including antennas and holograms. Finally, Section VII summarizes previous accomplishments and discusses current technical challenges and possible solutions specific to EM applications, as well as looks into new and revolutionary design/realization concepts enabled by polymer jetting 3-D AM technology.
II. POLY MER JET TING T ECHNIQU E
A schematic drawing of the polymer jetting process is shown in Fig. 1 . First, the desired component is designed and analyzed. For example, for antennas and other wireless components, an EM simulation program, such as HFSS [38] or CST [39] , can be used. Once the design is completed, the resulting 3-D geometry is exported into a CAD software, where it is then converted into a series of layered slices, with each layer representing a 16 μm thick region of the model. As lower slices provide the surface upon which upper slices are constructed, the slice description may consist of two different photosensitive polymers-a model material that is assigned to areas that are actually part of the crosssection of the desired object (grey or yellow in color regions of the sample in Fig. 1) , and a support material that can be released later (typically gel type water-soluble polymer or wax), which is used to provide a base upon which the model sections of upper slices can sit on (white regions of the sample in Fig. 1 ). This way, voids can be included in the printed object. The data describing the slices are sent sequentially to the polymer jetting printer. When each slice arrives, a number of print heads, similar to the print heads of an inkjet printer, deposit a thin layer of two different UV-curable materials onto the construction stage. Areas with model material in the slice are printed by using uncured acrylic polymer, whereas support material areas are printed with uncured water-soluble polymer. UV lamps mounted on the print head immediately cure both materials while they are being deposited. After one layer is completed, the construction stage is lowered by 16 μm and the next layer is processed.
When the entire object is completely printed, the construction stage rises up and the part is removed. The finishing step involves using a high-pressure water spray to wash away the water-soluble support material, leaving the model material in the desired region. Since the overhanging structure will need support material below it during the printing process, the orientation of printing the structure would affect the overall amount of material used and the total time needed to print the device. It is also found that for delicate designs, soaking the printed parts in a 3% aqueous solution of sodium hydroxide (NaOH) helps soften the support material so that it can be gently washed away [40] .
The printing resolution of the polymer jetting technique is typically on the order of 10's μm . For example, for the Objet Eden 350 polymer jetting printer mostly used in this paper, it states a droplet size of 84 μm × 42 μm × 16 μm . Because of the liquid nature of the uncured polymer, the finest design features should be a bit greater than the droplet size (i.e., ~ 100 μm ). Another potential limitation of the printing resolution lies in the postprinting cleaning requirement. If the object feature size is too small, it may be challenging to wash out the support material inside the printed object. A possible solution to address the latter issue is to explore different operating modes of the polymer jetting printer. For example, for the Objet Eden 350 printer, two types of fabrication modes, matte and glossy, are available. The matte mode allows for a uniform matte surface finish in which the printer fabricates the 3-D objects with support polymer encapsulating the entire model. This encapsulation ensures that every 3-D model surface has contact with a support polymer, which creates a matte finish as both the model and support materials cure together. Conversely, in glossy mode, only 3-D model regions that need a support polymer (i.e., voids) are printed. The 3-D model surfaces that are not covered with a support polymer then cure by themselves, which leads to a smooth glossy surface finish. Therefore, if the designed part has small features that would make the postprinting cleaning process difficult, the print may be set to glossy mode so that these features would not be covered with support material.
The polymer jetting technique is relatively fast, convenient, inexpensive, having better resolution than some of the other techniques, such as sintering and powder binding, and capable of printing multiple materials simultaneously. However, it can be applied to only print photosensitive polymers, limiting its applications to dielectric components. For many microwave and THz components, both dielectric and conductor constituents are needed. An additional metallization process is then required to incorporate the conductor part. For example, postelectroplating [22] , [27] , printing of conductive ink [41] , conductive painting [42] , and embedding of metallic traces [19] have been reported. In addition, conductive polymers may also be incorporated in the polymer jetting process [43] . It is worth mentioning that the issue of integrating high-uality dielectric and conductor printing processes is currently an active and important research topic.
III. M AT ER I A LS FOR POLY MER JET TING T ECHNIQU E
As discussed previously, polymer-jetting-based 3-D printing is a polymerization technique that utilizes photosensitive polymers, or photopolymers. When exposed to UV or visible light, these materials harden due to the cross-linking process [44] . There are a number of commercially available photopolymers used for 3-D printing, and most of them are printer specific. As these printers were designed for mechanical prototyping purposes originally, EM property data of these photopolymers are not widely available. Some examples of printable photopolymers from Stratasys Ltd. are shown in Fig. 2 . It can be seen that these materials were designed for visual effects with different colors. Mechanical properties of these commercial photopolymers are available from the manufacturer.
For the design and simulation of functional EM components and devices, accurate EM properties, including the permittivity ε and permeability μ in the interested frequency bands are necessary. Since most of the polymer materials are nonmagnetic, the relative permeability μ r is unity. Various material characterization techniques are employed to measure the EM properties of printable photopolymers. For the THz spectrum, THz time-domain spectrometer (THz-TDS) utilizing femo-second laser excited photoconductive transmitter and receiver [45] is used to characterize the transmission response of a uniform 3-mm thick slab of the polymer under test [25] . The dielectric constant ε ′ and loss tangent tan δ ( ε / ε 0 = ε ′ − j ε ″ , tan δ = ε ″ / ε ′ ) are extracted from the phase and magnitude of the measured transmission coefficient.
Since moisture is a potential issue for all THz applications, to evaluate possible moisture absorption and its impact on the polymer EM properties, printed and desiccated samples are characterized for comparison [40] . Similar results of dielectric constant and loss tangent in the entire frequency range (100-600 GHz) are observed so that it is determined that desiccation is not necessary. Several different photopolymers (Vero Black, Vero Blue, Vero White, etc.) are characterized and their THz properties are also similar. The representative measured dielectric constant and loss tangent from 100 to 600 GHz are plotted in Fig. 3 . As the frequency increases, a slow decrease of the dielectric con- stant is observed. The dielectric constant from 2.78 at 100 GHz decreases to 2.7 at 600 GHz. The material loss tangent slowly increases from 0.02 at 100 GHz to 0.05 at 600 GHz.
At microwave frequency range below 100 GHz, several characterization techniques, including dielectric probe (Agilent 85970E, 1-20 GHz), resonant cavity (Agilent 85072A, 10 GHz), and waveguide transmission, using a number of rectangular waveguides covering multiple bands [46] , are employed to measure the dielectric constant and loss tangent of a number of commercial photopolymers. Although small differences are observed among different photopolymers crossing the broad frequency range, all of them have a dielectric constant within the range of 2.7 to 3.0, and loss tangent within the range of 0.01 to 0.02. It is also worth mentioning that the thickness of the printed polymer slab and the printing process, i.e., matte or glossy, may have some impact on its dielectric properties, as the printed structure and density might be influenced. The support material from Stratasys Ltd., FullCure705, is also characterized using THz-TDS. Its dielectric constant is between 3.4 to 3.8, while its loss tangent is around 0.15. The relatively higher dielectric constant and loss tangent of the support material are due to its high water content. Table 2 summarizes the characterized values for different printing materials from 100 -600 GHz.
Some other photopolymers from other vendors are also measured with similar EM properties. In general, these results are expected for polymer materials. However, to enable more versatile EM designs, larger value of dielectric constant is desired. There are efforts to tailor the EM properties of printable materials by mixing high-dielectric powders into a host polymer [47] , [48] . However, this is still ongoing research, and it is quite challenging to significantly alter the photopolymer EM properties without adversely impacting its printability. For the measured loss tangent factor on the order of 0.01 to 0.02, it is acceptable for many EM applications from GHz to THz, especially for some special designs that are presented in details in Sections IV and V. Nevertheless, lower-loss tangent photopolymers would be beneficial. It is expected that polymers with loss tangent on the order of 0.001 may be available. For example, there exist a number of low-loss polymers with loss tangents ≤0 . 001 at frequencies up to 3 THz (e.g., polytetrauorethylene (PTFE), high-density polyethylene (HDPE), and polypropylene (PP)) [49] .
IV. 3-D PRINTED THZ EMXT COMPONENTS AND POTENTIAL SYSTEMS A. Periodic Structures -THz EMXT
Electromagnetic crystals (EMXT), often referred to as electromagnetic band gap (EBG) structures, are periodic dielectric and/or metallic structures that have special properties and can be used to control and tailor EM processes, such as transmission, reflection, emission, and detection of EM waves [50] . As research involving the THz spectrum (informally defined as 100 GHz-10 THz) experiences rapid growth [51] recently, EMXT and associated devices at THz frequency are highly desired.
However, one of the main challenges is how to fabricate these EMXT components with feature sizes around THz wavelengths, as the feature dimensions of THz EMXT fall in a transition region between the conventional micromachining techniques used for microwave applications and the micro / nano-fabrication methods used at optical frequencies [52] . Moreover, it would be advantageous if an entire system can be fabricated instead of making individual components and aligning and packaging them together afterwards. Several semiconductor fabrication approaches for realizing EMXT structures, including wet etching [53] , dicing saw machining [54] , deep X-ray lithography [55] , deep reactive iron etching (DRIE) [56] , and laser micromachining [52] , [55] , have been reported. These methods are expensive and require extraordinary care to realize even relatively uniform THz EMXT geometries, let alone the more complicated structures, such as defect waveguides and cavities.
As an alternative, polymer-jetting-based 3-D printing provides an ideal solution for fabrication of THz EMXT structures. Figure 4 (a) shows the schematic of the woodpile (WPS) EMXT structure, which has a complete 3-D band gap [25] . Using the previously measured EM properties of the polymer, the WPS is designed with its first band gap centered at 185 GHz. The time domain transmission response of the printed polymer WPS is then characterized using the THz-TDS, with the incident wave propagating along the stacking direction ( < 0 0 1 > in the schematic of Fig. 4(a) ). Figure 5 plots the measured transmission response compared with HFSS simulation results. Measurement results show that the printed polymer WPS exhibits a fundamental EBG around 180 GHz, with a rejection band depth of more than 35 dB. The second and third band gaps at 278 GHz and 372 GHz, respectively, are also observed. The measured EBG performance shows that this polymer WPS is a good band pass/stop filter. The same WPS structure is also simulated using the full-wave finite-element EM solver HFSS [39] . Very good agreement between simulation and measurement can be observed in Fig. 5 . Not only is the fundamental band gap (centered at 185 GHz) verified but a small resonance around 202 GHz also agrees well between simulation and measurement. Moreover, the simulated and measured secondary and tertiary band gaps (centered at 278 GHz and 372 GHz, respectively) are consistent with each other.
Another more complicated 3-D EMXT structure (Johnson structure [57] ) printed using the polymer jetting technique is shown in Fig. 6 [25] . The structure includes two alternating 2D triangular lattice layers, one is pseudo-hexagonal dielectric pillars standing in air (rod layer), and the other is air holes in dielectric (hole layer). Each layer is shifted relatively to its adjacent layers, and the structure repeats itself every six layers. The overall dimension of the printed Johnson EMXT structure is 25 mm × 25 mm × 9 . 6 mm.
THz-TDS is used to measure the transmission response of the printed Johnson Structure. Figure 7 compares the measured and HFSS simulated results. A fundamental band gap centered at 223 GHz is clearly observed, with a band rejection of around 25 dB. A smaller transmission dip at 117 GHz, with rejection depth of less than 15 dB is also observed. The agreement between measurement and simulation is good.
The overall excellent agreement between the measurement and the simulation results for both THz EMXT structures confirms the printing accuracy of the polymer jetting technique. Several EMXT-based devices are described in the next section.
B. EMXT-Based Waveguide and Horn Antenna
Because of the existence of the EBG that forbids wave propagation within the frequency band gap, by creating a channel within an EMXT structure, EM wave can be confined in the channel, and a waveguide device can be obtained. In [26] , an all-dielectric EMXT waveguide operating near 112 GHz is demonstrated. As illustrated in Fig. 8 , this waveguide structure is made by introducing an air core channel into a triangular-lattice air-cylinder array in a dielectric background. The printing time of this waveguide is about four hours.
The design procedure of the waveguide is as follows. First, the EMXT structure is designed to have band gaps at the desired waveguide operating frequency. Second, an air channel is incorporated into the EMXT structure, which allows wave propagation confined by the surrounding EMXT lattice. Both eigen-mode and driven-mode simulations are performed to design and verify the waveguide propagation properties [25] . Figure 9 (a) plots the predicted power loss factors obtained from the standard "cut-back" method [58] by simulating transmission responses of waveguides with different lengths. Four operating modes (power loss factor minimums) centered at 112 GHz, 130 GHz, 161 GHz, and 182 GHz can be clearly observed, corresponding to the band gaps of the surrounding EMXT lattice. The propagation loss of the first mode at 112 GHz is 0.022 dB/mm, which is quite low considering the polymer loss tangent of 0.02 at this frequency range, because most of the EM energy is confined in the air channel with little leakage into the polymer based lattice. Therefore, EMXT and associated devices can be quite tolerable to dielectrics with relatively higher loss. As evidence, the electric-field profile in the waveguide at 112 GHz resembling the desired HE 11 mode is shown in the inset of Fig. 9(b) . It can be observed that more than 90% of energy is concentrated within the air core channel of the waveguide.
Several design variables are also studied to explore their effects on the EMXT waveguide performance, including the number of cladding rings, air channel size, and build material loss. For example, for the number of cladding rings (defined as one hexagonal ring of small air cylinders surrounding the air channel, and the counting of the number of rings starts from the center core edge), it is observed that only two rings are necessary to obtain the same performance as the example shown in Fig. 9(a) , which includes five rings.
The air channel size of the EMXT waveguide directly influences how much the EM fields interact with the cladding of the EMXT structure and the build dielectric material. With all other parameters kept constant, it is observed that larger air channel size not only reduces the power loss factor but also increases the pass band frequencies because larger waveguide channel allows higher order modes to be excited.
Energy loss due to damping from the build polymer material's loss tangent tan δ depends on how much field penetrates and interacts with the dielectric wall of the waveguide. The EMXT waveguide with different polymer tan δ is studied. The fact that the fundamental HE 11 mode has over 90% of the energy concentrated in the air channel is quite favorable for achieving low loss waveguide regardless of the polymer loss. For example, it is found that for the fundamental mode of this EMXT waveguide, the power loss factor is proportional to (tan δ ) 0.426 , whereas a waveguide filled with dielectric material in general has a power attenuation factor proportional to (tan δ ) 2 . On the other hand, simulation results show that higher order modes with less energy confinement have more dependence on the dielectric material loss [40] .
The final designed EMXT waveguides with five different lengths of 50, 75, 100, 125, and 150 mm are then printed by the same Objet Eden 350 printer. The glossy printing mode, without using support material, is applied to achieve better surface smoothness, since the entire waveguide structure can be printed vertically along the wave channel direction (see Fig. 8 ). The printed waveguides are characterized quasioptically by a THz-TDS [26] . Figure 10 plots the measured transmission responses of all five waveguides with different lengths. The measured EMXT waveguide power loss factor is extracted using the "cut-back" method. Four passbands centered around 105, 123, 153, and 174 GHz can be clearly seen in Fig. 10 , corresponding to the four passbands in the simulation results of Fig. 9 , despite a downshift of about 7 to 8 GHz.
To better understand the frequency downshift and the printing accuracy, the printed waveguide structure is inspected by characterizing all the critical dimensions. It is found that there is a systematic printing tolerance issuethe dielectric wall thickness between adjacent unit cells is designed to be 400 μm , but the printed structure has a wall thickness of about 600 μm . This tolerance is mainly due to the polymer drooping effect in glossy printing mode and attributed to be the main reason causing the measured discrepancy. Figure 11 compares the measured power loss factor with simulation results based on the actual printed dimensions. It can be observed that the simulated passband frequencies shift down by about 7 GHz and agree well with experimental results.
It is well known that a horn antenna can be obtained from a waveguide by flaring the waveguide cross section gradually into a horn shape. To obtain a horn antenna, the straight EMXT waveguide is flared [23] . The EMXT horn antenna consists of a straight waveguide section with a length of 50 mm as the antenna feed. The flared section has a length of 35 mm so that the entire length of the horn antenna is 85 mm, as shown in Fig. 12(a) . The radiation aperture of the EMXT horn has a diameter of 16 mm, as shown in Fig. 12(b) .
The final designed EMXT horn antenna is printed by using the Object Eden 350 polymer jetting printer. The printing time is about three hours. The antenna radiation patterns of the EMXT horn is characterized by a THz-TDS, and the experimental setup is illustrated in Fig. 13 . The measured radiation spectrum clearly shows the four passbands, as expected from the original EMXT band gaps. The measured and simulated radiation patterns of the EMXT horn antenna at the first (centered at 105 GHz) and third passbands (centered at 146 GHz) are plotted in Fig. 14(a) and (b), respectively. It can be seen that the measured radiation patterns agree well with simulation. The measured halfpower-beam-width (HPBW) of the EMXT horn antenna is 12° and 9° at 105 and 146 GHz, respectively. Due to the limited power of the THz-TDS system, the measured farfield radiation pattern covers only −30 to +30°. Beyond the −30 to 30 degree angle, the received THz power is below the noise floor.
The impact of polymer loss on the antenna performance is investigated. Simulated antenna gain for the first passband versus the build material loss tangent is plotted in Fig. 15 . For the polymer material with a loss tangent of 0.02, about 1.5 dB gain loss is observed.
C. Potential 3-D Printed THz Systems
Several EMXT-based 3-D THz devices are designed and printed by the polymer jetting technique, as discussed in Section IV-A and IV-B. It would be highly desirable if an entire THz system can be realized utilizing 3-D printing technology. As many high-frequency systems for communication and sensing applications need planar solid-state devices/integrated circuits (ICs) for source and detector, transition from EMXT waveguide to planar circuit is required to achieve integrated systems. For example, Figure 16 illustrates the concept of 3-D printing-enabled integrated THz system. All the passive components of a THz system, including antenna, waveguide, filters, etc., will be printed first. Then the active THz chips, such as transistor and diode-based source and detector, will be dropped into preprinted pockets. This way, most of the system assembling and packaging process can be accomplished by 3-D printing, which might lead to significantly enhanced performance and reduced cost.
An example EMXT waveguide to microstrip transition is reported in [27] . The transition structure uses a ridge on the broad walls of the waveguide to convert the EM fields of the waveguide mode to the microstrip mode. It consists of a top part and a bottom part, as shown in Fig. 17 .
The top part has a metalized ridge shape tapering from 5.8 mm to 0.6 mm. The wider side is inserted into the output aperture of the EMXT waveguide, and the narrow side is connected to the top conductor of the microstrip. The bottom part is a trapezoidal-shaped metalized slab that is connected to the microstrip ground plane. The entire transition structure is printed using the polymer jetting technique, and all the metallizations are done by the electroplating of gold after printing [27] . The printing time of this transition structure is less than half an hour. The printed and plated back-to-back transition structure together with two EMXT waveguides is characterized using a THz-TDS. Figure 18 shows the measured insertion loss. Four passing bands up to 180 GHz can be observed. After calibrating other losses, the estimated single transition loss is about 1.5 dB at the first band. Therefore, all the critical steps of an integrated EMXT-based THz system, as shown in Fig. 16 , have been demonstrated.
V. 3 -D PR IN T ED GR A DIEN T INDE X DE V ICES
GRIN devices are EM structures that have spatially continuous variations in their refraction index n . The advantages of GRIN devices, which are attributable to the small, continuous variations of n along a macroscopic path, in general, can be more efficient than traditional discontinuous index changes in terms of EM effects, resulting in smaller and more effective devices. A natural example is the lens of human eyes that has an index of refraction varying from 1.406 for the center layers to 1.386 for the outer less dense layers. However, traditionally GRIN devices are challenging to fabricate because of the required fine spatial control of the material EM property. As discussed in Section I, 3-D printing technology provides an ideal solution for realizing GRIN devices. Several examples are presented in the following sections.
A. Polymer Jetting Printed Luneburg Lens
Luneburg lens is a GRIN device that can be used as antenna for wide-angle radiation coverage because of its broad bandwidth, high gain, and the ability to form multiple beams. Every point on the surface of an ideal Luneburg lens is the focal point of a plane wave incident from the opposite side. For a typical spherical Luneburg lens made of nonmagnetic ( μ r = 1 ) build material, the refractive index n follows (1)
where ε r is the dielectric constant, R is the radius of the lens, and r is the distance from the point to the center of the sphere. Manufacturing of the continuously changing radial dielectric constant profile is not practical for a spherical lens. It is usually approximated by discretized steps, for example, implemented as an onion-like concentric thin hemispherical layers, which are both difficult to build with adequate material property and geometry accuracy. Assembly of such a spherical lens is also challenging because care must be taken to avoid air gaps between different layers [60] [61] [62] [63] [64] .
In [21] , the desired gradient index is realized with an effective medium method enabled by 3-D printing. The entire spherical lens region is digitized into cubic unit cells, as shown in Fig. 19(a) . By controlling the filling ratio between the polymer (darker region) and air of each unit cell, effective relative permittivity, or dielectric constant can be obtained. The smaller rods in Fig. 19(a) are for mechanical connection of adjacent unit cells. The effective dielectric constant of the unit cell can be estimated by simple effective medium approximation as
where f is the filling ratio of the polymer and ε p is the dielectric constant of the polymer. More accurate effective medium property of the unit cells can be obtained by finite-element modeling. The one-to-one relationship between the polymer cube size and the effective dielectric constant of the unit cell is plotted in Fig. 19(b) in which the black squares represent the HFSS simulated results, the blue triangles represent the results obtained via (2) and the red dashed curve is the fitted exponential function of the simulation results. It is worth noting that the effective medium approximation is valid only when the unit cell size is in the subwavelength limit. This effective medium design approach is enabled by the polymer jetting technique discussed in Section II. The photosensitive polymer material used here has a dielectric constant of 2.7 and a loss tangent of 0.02. To achieve the dielectric constant distribution given by (1) , the polymer cube size should be about 4.4 mm at the center of the lens and gradually decreases to zero at the surface of the lens. As shown in Fig. 20 , the designed Luneburg lens is made of discrete polymer cubes with different sizes. Since the refractive index of the lens is independent with frequency as long as the effective medium approximation holds, it can operate in a wide frequency range.
The 120-mm diameter lens structure is simulated using ANSYS HFSS software. The simulation setup is shown in Fig. 20(b) . It is composed of 7497 cubic unit cells with different filling ratios. Rectangular waveguide (WR-90 and WR-62 for X-band and Ku-band, respectively) is placed on the surface of the Luneburg lens as a feeding element. Figure 21 (a) and 21(b) plots the simulated antenna gain patterns in the H-plane at various frequencies in the X-band and Ku-band, respectively. As expected, this Luneburg lens functions as a narrow beam antenna in a broadband frequency from 8.2 to 20 GHz. As expected, because of the increase of the effective aperture size, the antenna gain increases with frequency. At 8.2 GHz, the simulated gain of the 120-mm diameter Luneburg lens antenna is 17.7 dB. At 20 GHz, the gain becomes 24.25 dB. It is also found that for frequency beyond 20 GHz, the antenna gain starts to degrade due to the breakdown of the effective medium approximation.
Efficient and accurate printing of the designed 120-mm diameter Luneburg lens is done by the Objet Eden 350 polymer jetting printer. The printed Luneburg lens radiation patterns with the X-band and Ku-band waveguide feeds are measured by employing a vector network analyzer in an anechoic chamber. Standard gain horn antennas are used to calibrate the measured gain. The measured 10 GHz H-plane gain pattern of the antenna is shown in Fig. 22 together with HFSS simulated results. The measured gain and side lobe are 18.7 dB and −6 dB at 10 GHz, respectively, agreeing reasonably well with the simulation results. As expected, the measured gain increases with the increase of frequency (not plotted here). For example, the measured gain ranges from 17.38 dB at 8.2 GHz to 20.8 dB at 12.4 GHz, while the simulated gain ranges from 17.8 dB at 8.2 GHz to 21.4 dB at 12.4 GHz. Measurement results of the E-plane radiation patterns of the Luneburg lens at X-band are also satisfactory and compare well with simulation. The side lobe levels are about 20 dB below the main peak. The antenna measurements at Ku-band also yield good results with a gain of 24 dB at 19.8 GHz. Detailed results can be found in [21] .
Several other Luneburg lenses with bigger diameter (i.e., up to 300-mm) and higher operating frequency (up to 110 GHz) are demonstrated using similar design methodology and printing technique. For example, 3-D Luneburg lenses operating up to the Ka-band (26-40 GHz) [30] and W-band (75-110 GHz) [31] are demonstrated. Figure 23 shows photos of these 3-D printed lenses. It should be mentioned that the higher frequency lenses are designed with much smaller unit cell sizes that require special consideration in their shapes to be compatible with the Objet Eden 350 polymer jetting printer [31] . The printing of the 240 mm, 70 mm, and 28 mm lens takes about 30 hours, 2 hours, and 20 minutes, respectively.
B. Polymer Jetting Printed Eaton Lens
Other types of GRIN devices, such as Eaton lens [65] and flat focusing lens [66] , are also studied. Eaton lens is another type of inhomogeneous spherical lens with some special and interesting characteristics that can be used in the design of antennas and radar targets [34] . The index of refraction n distribution of an ideal Eaton lens that bends light 90° follows [67] 
where R is the radius of the lens and r is the distance from a location to the center of the sphere. Therefore, the index of refraction n diverges to infinity at the center of the sphere. Figure 24 plots the refractive index and relative permittivity (assuming nonmagnetic and ignoring loss) as a function of the distance r , ranging from 0 to 60 mm for R = 60 mm (a 120-mm diameter lens, 4 λ 0 at 10 GHz). Figure 25 shows the performance of a 2D Eaton lens with R = 60 mm at 10 GHz simulated using the finite-element EM solver COMSOL. This lens consists of 12 layers with the interval of 5 mm, and the relative permittivity gradually changes from 1 at the outside edge of lens to 11.6 for the innermost layer at the center, according to (3) . For an incident Gaussian beam, a 90° beam deflection is observed. Because of the large index variation required for Eaton lens, all the previously reported designs and implementations truncate the index at some maximum value. In addition, most of the reported Eaton lenses are based on the narrow band metamaterial approach [68] , [69] or are 2D in nature [70] . In [34] , enabled by the polymer jetting technique, a 3-D 120-mm Eaton lens is designed and printed using the same effective medium unit cell approach as for the Luneburg lens discussed previously. Because the maximum achievable effective dielectric constant is 2.7 when the dielectric filling ratio is 100% for the unit cell, the index distribution of (3) is truncated at r = 23 mm so that for the center region r < 23 mm, the dielectric constant is fixed at 2.7, as indicated in Fig. 24 . A photograph of the final printed Eaton lens with an X-band waveguide (WR-90) excitation source for characterization is shown in Fig. 26 . The far-field pattern is measured using a vector network analyzer (HP-8720C). Standard gain horn antennas are employed to calibrate the gain of the lens. The measured far-field pattern in the horizontal (XY) plane at 10 GHz is compared with simulated radiation pattern in Fig. 27 . A 37° beam bending is observed with an antenna gain of 13 dB (black line), which agree reasonably well with the simulation results (red line). The halfpower beam width is 23°. The 1 dB smaller gain between the measured and simulated results is probably due to the small amount of residue support material not totally washed away.
The near-field distribution of the Eaton lens in the horizontal (XY) plane is also measured at 10 GHz. An analog signal generator (Agilent-E8257C) with a power output of 20 dBm and a spectrum analyzer (Agilent-E4407B) are employed as the transmitter and receiver, respectively. A coaxial probe is used to scan the electric field in both X and Y dimensions with 5 mm steps. The measured electric field distribution is plotted in Fig. 28 and agrees very well with simulation results (not shown here).
C. Some Applications Using Luneburg Lenses
Several interesting applications based on 3-D printed Luneburg lens are presented here, including a high-performance, direction finding system [33] and a low-cost Luneburg lens array [32] , [71] , [72] as an alternative for traditional phased arrays.
The broadband, high gain, and multiple-beam forming capability of Luneburg lens are very suitable for direction finding applications. In [33] , as a proof-of-concept, a 3-D printed 240-mm diameter Luneburg lens with five detectors (monopole antenna with Schottky diode receiver) equally spaced with 10° separation on the equator of the lens to receive the signal from −20° to 20° in the azimuth plane is investigated. A correlation algorithm is employed to calculate the direction of arrival. Figure 29 shows the Luneburglens-based direction finding system. Initial direction finding results show that the estimated error is smaller than 2° for signals incident from −15° to 15°. Later improvement of the direction finding setup expands to 36 detectors covering the entire azimuth plane. In addition, better algorithms are applied, and the direction of arrival accuracy approaching 0.1° is obtained. Detailed analysis on the Luneburg lens direction finding system can be found in [73] .
Phased arrays are highly desirable because of their versatile beam scanning properties. Although phased array has become a mature technology, there are still some challenges that limit practical applications. First, a typical phased array is confined to ± 60° in both azimuth and elevation planes due to the unavoidable higher side lobes and lower gain at large scan angles. Second, a large number of radiation elements, power splitters, phase shifters, and control units must be employed in a conventional phased array, resulting in high complexity and cost of the system.
In [32] , a new array architecture based on Luneburg lens is proposed, which combines the lens switched beam together with traditional phase and amplitude control. In addition to the discrete beams directly generated by each feeding element on the lens surface, electronically scanned beams for arbitrary angles are achieved by controlling the excitation amplitude and phase of several adjacent elements. Because of the spherical symmetry of the lens, the beam shape has little deformation across the entire scanning range. As a proof-of-concept, a fix-tuned four-element Luneburg lens array at 5 GHz is demonstrated, as shown in Fig. 30 [72] . Although the feeding elements are separated 10° apart, fine scan angle with 1° accuracy can be achieved. Detailed design guideline and experimental results can be found in [73] .
V I. 3 -D PR IN TING -ENA BLED NE W DESIGNS
Polymer jetting based 3-D printing technology is utilized and proven superior in building a range of well-known and useful EM designs, including EMXT-based structures and gradient index devices. In this section, several novel EM designs that are directly inspired and enabled by the polymer jetting technique are presented.
A. 3-D Printed Dielectric Reflect Array
Reflect array antennas combine some of the best features of reflector dish and array antennas and create a hybrid high-gain design with low-mass, low-profile and also lowcost features [74] , [75] . Most of the existing reflect arrays involve resonant metallic-based element that may have significant conductor loss at high frequency range, such as THz. In [22] , inspired by the polymer jetting 3-D printing technique, a nonresonant dielectric reflect array operating above 100 GHz is proposed. In contrast to the dielectric resonator type elements [76] , [77] that use high dielectric constant materials, 3-D printable low dielectric constant ( ε r = 2 . 7 ) photopolymer element with various height is designed to provide a desired reflection phase. Figure 31 shows the schematic of the proposed dielectric reflect array element. It is worth noting that for the dielectric element, the reflective nature of the antenna still necessitates the use of a conducting ground plane; however, the loss on the conducting ground is rather small compared to that of resonant metallic element.
Standard design procedure of reflect array is used [78] . First, the required reflection phase shift is obtained according to the antenna radiation specification. The height of the dielectric slab is then varied to provide the required phase shift across the entire reflect array aperture. For proof of concept, dielectric reflect arrays are designed for operating at 100 GHz, and the array element has a size of 1.5 mm × 1 . 5 mm (half-wavelength). The dielectric reflect array configuration and the element reflection phase as a function of dielectric slab thickness are shown in Fig. 32 .
The final designed dielectric reflect array has a square aperture with a dimension of 30 mm × 30 mm, consisting of 400 variable-height printed polymer elements. Three different versions, including optimized bandwidth (minimizing phase wrapping), optimized efficiency (minimizing loss), and a one-bit design [79] are studied. Detailed design analysis can be found in [22] . The three designs are all printed using the Objet Eden 350 polymer jetting printer. The printing of this reflect array takes less than 10 minutes. After printing, about 6 μm of gold layer are plated on the back of the reflect arrays. Photos of the printed prototypes are shown in Fig. 33 .
The radiation patterns of the dielectric reflect arrays with a pyramidal horn antenna feed are measured using a vector network analyzer (Agilent E8361A) in W-band. A comparison between the simulated and measured radiation patterns of the design with optimized efficiency in the xz -plane at 100 GHz is plotted in Fig. 34 . It can be observed that the agreement between measurement and simulation is excellent. The calibrated gain of this array at 100 GHz is 22.9 dB. The other two arrays are also characterized, and very good agreement between measurement and simulation are obtained. It is worth noting that this type of 3-D-printed reflect array is readily scalable in frequency, and with the current printing technology, low-cost arrays up to 1.5 THz can be realized.
B. 3-D-Printed THz Computer-Generated Volume Hologram
Computer-generated volume holograms (CGVHs) consisting of a superposition of multiple periodic diffraction gratings can be considered as GRIN devices. CGVH have many applications in the visible range, such as high-density optical data storage and processing [80] [81] [82] [83] [84] [85] , pulse shaping [86] , imaging [87] , [88] , and display [80] , [89] which have yet to be explored in the THz regime. It is difficult to fabricate CGVHs at visible range because of the small wavelength scale. However, for THz frequency, the 3-D printing technique based on polymer jetting enables convenient and low-cost fabrication of CVGHs. In [36] , CVGHs are designed by effective medium approach similar to that discussed in Section V. Instead of mixing polymer and air, [36] is mixing two different polymers (a model material with er = 2.7, and the support material with er = 3.8). In this case, two printing nozzles of a polymer jetting printer are utilized, each for one polymer. By controlling the printing volume ratio of the two nozzles locally, the world's first 3-D THz CGVHs are realized [36] . The printed CGVHs are characterized by transmission measurements using a THz-TDS and verified by a Virginia Diodes continuous-wave (CW) system, consisting of a diode multiplier chain as THz transmitter and a broadband Golay cell as receiver. An example of a printed multiplexed (0.145 THz and 0.234 THz) CGVH and its measured diffraction efficiency (normalized) pattern are shown in Fig. 35 . It can be seen that the diffraction efficiency of the multiplexed CGVH has two bright regions of high values, demonstrating that the hologram acts as a combination of the individual gratings [36] . These results suggest that the polymer jetting technique could be extended to fabricate THz volumetric optics with arbitrary EM property profiles.
C. Antenna Radiation Pattern Control Using 3-D-Printed Dielectrics
A novel methodology to control antenna radiation pattern based on 3-D printing of an EM structure with arbitrarily distributed dielectric property is proposed in [90] . As a proof of concept, a Ku-band monopole antenna surrounded by a low profile 3-D-printed polymer structure with an optimized dielectric distribution is studied. Genetic algorithm-based optimization is applied to obtained desired radiation patterns. For example, instead of the normal omni-directional radiation pattern, monopoles with one-beam, two-beam, and three-beam radiation patterns are designed. The optimized dielectric distribution varying from ε r = 1 to 2.4 is implemented by an effective medium approach that is the same as that presented in Section V. Figure 36 shows the prototype of a two-beam monopole with optimized dielectric loading and its resulting radiation pattern. It can be observed that this antenna has two main beams at +/−60° in the azimuth plane as designed, validating this design concept as well as the printing technique. The 1 dB difference between the measured and simulated results is probably due to the small amount of residue support material that is not 100% washed away.
V II. CONCLU DING R EM A R K S
This paper describes the basics of polymer jetting 3-D printing technique and its applications in electromagnetics. Key aspects of this additive manufacturing technique, including various printing mechanisms, printing parameters, available materials and their EM properties are discussed. A diverse range of 3-D printing inspired/enabled components and devices from microwave to THz frequencies, including periodic electromagnetic crystal devices and potential systems, gradient index devices, reflect array antenna, computer generated hologram, and novel directional monopole antenna are presented.
3-D printing technology, including polymer jetting, is an emerging research area that may lead to unprecedented capability and advantages in electromagnetic applications, such as wireless communication and sensing. Although there has been exciting progress made, the vast potential remains to be explored, and some challenges are yet to be solved. First, 3-D printable materials with desirable EM properties (i.e., large range of permittivity, permeability, and low loss) are needed. Second, techniques capable of printing high-quality dielectric and conductor materials are still lacking. Third, multiscale printing techniques that can efficiently realize complete systems, such as large mechanical part integrated with small electronic sensors, are highly desirable. Last but not least, entirely new EM designs, including antennas and circuits enabled by 3-D printing technology, are very attractive. Majority of the existing antennas and circuits are 2D in nature because of fabrication constraints. The possibility of implementation of 3-D structures with arbitrary distribution of EM properties may lead to revolutionary new designs. To accomplish these objectives, close multidisciplinary collaboration among material science, mechanical engineering, and electrical engineering will be necessary. 
